Application of two-photon selective excitation to isotope separation with high power, high resolution tunable lasers is discussed. A simple kinetic model is given to determine quantum efficiency and separation factor in terms of laser powers and relaxation constants. A numerical example is used to demonstrate the feasibility of the scheme. Results indicate that a high quantum yield is obtainable with the optical technique.
General
In recent years, tunable laser technology has developed rapidly. The spectral tuning range has been extended from uv to infrared with tunable lasers such as parametric oscillators, dye lasers, and semiconductor lasers. 1 Spectral resolution as high as one part in 1010 has been achieved 2 with a peak power on the order of kilowatts in a pulsed operation. Studies of the interaction of a tunable coherent light with matter have proliferated with laser development. Progress in such areas as photochemistry, photophysics, photosynthesis, and laser spectroscopy, to name a few, has been made rapidly in recent years. 3 Recently, there has been considerable interest in the utilization of high power, line-narrowed tunable lasers to enhance a chemical reaction or to channel a molecule into a preferential process. 4 ' 5 Its potential application to isotopic enrichment is of fundamental importance. In this paper, we discuss briefly the general scheme of using lasers to achieve a controllable chemical reaction and of using two-photon selective excitation for isotopic enrichment.
We use a simple kinetic model to determine the quantum efficiency and the separation factor in terms of laser powers. A numerical example with hydrogen chloride as a sample molecule is given. Results indicate that a high quantum yield can be obtained with this optical technique.
II. Introduction
In the presence of a radiation field, a molecule absorbs strongly if the radiation frequently w is in reso- A two-photon process can be one of (1) a vibrational transition plus a second vibrational transition; (2) a vibrational transition plus an electronic transition; or (3) an electronic transition plus a second electronic transition.
In later discussions, we will consider the process (2) in a gaseous mixture only. The probability of an electronic transition is proportional to the product of the initial and the final state eigenfunctions; namely, the internuclear distance is conserved in the transition as a consequence of the Franck-Condon rule. This is illustrated in Fig. 1 , where energy surfaces for molecules ABC, AB + C, and A + BC are drawn in a one-dimensional scheme. The two-photon channel (II + III) leads to a final state AB + C, which has a different transition probability from that of the single-photon channel (I).
In general, in order to manipulate a molecule into a preferential channel with coherent light, one needs (1) a well-resolved molecular absorption line; (2) a spectrally narrowed light source with a sufficient intensity; and (3) a subsequent preferential physical or chemical selective reaction step.
The first two conditions are readily satisfied with molecular absorption lines resolved to a fraction of a wavenumber (cm-') and a tunable laser source at a power level on the order of several kilowatts. The third condition may involve a second photon to selectively dissociate those molecules in the excited state or in a preferential chemical reaction that takes place only for those excited molecules. Both methods can for molecules ABC, be employed for isotopic enrichment and will be discussed later. Condition (3) is more stringent due to the presence of many other competing relaxation processes, such as thermal relaxation and internal energy transfer, which take place in collisions and eventually lead to a loss of selectivity. We will discuss two optical methods that can be used for isotopic enrichment: a photochemical apporach and two-photon selective excitation.
A. Photochemical Approach
The development of high power ir molecular and chemical lasers has provided many opportunities to study the chemical reactivity of vibrationally excited molecules.
6 7 In general, a molecule in a vibrationally excited state is weakly bonded and chemically more active than those in the ground state. We may expect a reaction involving a vibrationally excited molecule to be enhanced. However, a chemical reaction usually requires a large number of collisions, and during collisions thermal relaxation and internal energy transfer will introduce a loss of the selectivity of the process. A favorable chemical reaction must be fast enough to overcome the thermalization. This is a very restrictive condition. An experimental result was reported with a mixture of isotopic methanols, 8 CH 3 0H, CD 3 OD, irradiated by a chemical hydrogen fluoride laser at 2.7 ,im, that falls into an absorption band of OH bond. The selectively vibrationally excited isotope was found to react with bromine preferentially. Bromine was chosen as an acceptor due to its reaction activation energy of 6 kcal mole-', which is less than the photon energy (11 kcal mole-1 ). This experiment demonstrates the feasibility of the enhancement of chemical activity of vibrationally excited molecules.
B. Two-Photon Selective Excitation Method
An alternative approach for isotopic enrichment is the use of selective two-photon excitation of a molecule. 9 -1 1 Figure 2 shows schematically a two-photon selective photodissociation process. An isotope is selectively excited by a photon h 1 , and subsequently dissociated by the second photon, h 2 . The energy of the second photon is chosen so that its energy is above the dissociation limit of excited molecules, while lower than that of nonexcited ones. The dissociated molecule can be removed by a chemical acceptor or, if ionized, by an external field. The major advantage of the two-photon photodissociation approach is that the dissociation period is extremely short and the final state is relatively stable. It allows a high quantum yield and large separation factor, as will be shown in our analysis later. Ambartzurian et al. 12 reported a successful separation of chlorine isotopes by selectively exciting H 35 C1 into a vibrational state v = 3 with an ir photon at 1.19 Aim, followed by a 0.265 gm photon generated from a frequency-quadrupled Nd:glass laser. The dissociation limit for a ground-state HCI is 0.25 Aim, and for the excited state v = 3 it is 0.32 ,um, which is less than the photon energy hW 2 . The dissociated chlorine isotope reacts with nitric oxide in the mixture to form NOCI subsequently.
Ill. Kinetic Model for Selective Two-Photon Process
In this section, we give a simple kinetic treatment to discuss the quantum efficiency (isotope yield per photon), the separation factor (isotope yield per molecule) as a function of laser powers and relaxation rates.
The dominant competing thermalization processes are illustrated in Fig. 3 . Major relaxation processes are as follows:
(1) spontaneous decay (ir), It is important to have a simple kinetic model and to find conditions under which laser powers can be fully utilized.
Consider the following kinetic model:
(1) A three-level system with energy spacings equal to hw, and hW 2 is used in which hw, involves a vibrational transition and hWc 2 an electronic transition. Relaxation times T2 and r3 for levels 2 and 3 respectively, are considered to be constant.
(2) Photon energy hw >> kT is assumed, so that thermal excitation will not be considered. (3) Line-broadening and line shape functions are not considered, so that transition cross sections a, and a2 are constants.
(4) Pulsed operation is assumed with a pulse width longer than the rotational relaxation time. Two pulses are turned on simultaneously at t = 0.
(5) A high, vibrationally excited state is assumed, and cascading relaxations and overtone transitions are neglected.
The kinetic equations for the molecular population can be written as
where N 1 , N 2 , and N 3 are molecular population densities of levels 1, 2, and 3; T2, 7r3 are effective relaxation times for levels 2 and 3; and W,, W 2 are induced transition rates between levels (1,2) and (2,3) in the presence of laser radiation at frequencies w, and W2-
where ai is the absorption cross section for the transition due to wi; Npi is the photon flux (number of photons per unit volume) at wi; 1i is the laser radiation intensity in W/cm 2 ; and c is the speed of light. Apply the Laplace transformation,
N(t) = f Np exp(-Pt)dP,
with the initial conditions at t = 0,
Equations (1) and (2) have nontrivial solutions if
The characteristic roots are
= 0. (6)
where a-W b -
In order to satisfy the initial conditions, we have 
NI(t) = No/(P -P 2 ) [(W -P 2 ) exp(-Plt) + (P -W 1 ) exp(-P 2 t)][ N 2 (t) = -NW,/(P
-P 2 ) X [exp(-Plt) -exp(-P 2 t)].(8)
X ([exp(-Plt) -exp(-t/1T)]/(1 -PIT 3 )l -[exp(-P~t) -exp(-t/T)]/(1 -P 2 T 3 )I).
Introduce normalized quantities:
We see from Eqs. (14), (15), and (16) that both the separation factor and the quantum efficiency are proportional to the product of W 2 i 3 , and both equations are asymmetrical with respect to W, and W2.
IV. Results and Discussion
We take hydrogen chloride as a sample molecule and numerical results are presented in this section. The quantum efficiency and the separation factor t are calculated as a function of time, with laser radiation intensities I and 2 and relaxation lifetimes T2 and 3 as parameters.
The energy diagram of HCl is shown in Fig. 4 . Assume that the first transition involves a selective excitation from v = 0 to v = 3 in the ground electronic (10) (11)
We have
-[exp-PT) -exp(-T/?)]/(1 -PIT)). (14)
separation factor t is defined as
(T) N 3 (T) = N 3 (t)/N,
the quantum efficiency as W/cm 2 . In this case, since the pumping rate of the molecular population in the ground state is proportional to the difference of the population (N 2 -N) , a faster relaxation rate of the intermediate level will increase the separation factor instead. This may be an advantage in the case where an intense laser beam I, is available while I2 is provided by a filtered incoherent light source. The particle separation factor can be enhanced by increasing the relaxation rate at the expense of the quantum efficiency. In Fig. 7(a) and (b), changes of molecular population in levels 1 and 2 are shown to illustrate explicitly the saturation effect. In Fig. 7(b) , the depletion of population in the intermediate level is greater due to a higher relaxation rate. The separation factor is enhanced.
A high loss case is shown in Fig. 8 , in which relaxation rates of both levels 2 and 3 are made large. In TIME (SECI showing that the separation factor is enhanced at the expense of the quantum efficiency as a result of an increase of the relaxation rate in the intermediate level.
TIME SEC) Fig. 8 . In a high loss case, both quantum efficiency and separation factor are low and strongly peaked in time.
this situation, both quantum efficiency and separation factor are relatively low and strongly peaked in time. A remedy for this situation is to use lasers with a shorter pulse duration and a large duty cycle to increase the average yield. An example of the best utilization of laser radiation is illustrated in Fig. 9 (a) in which both a high quantum efficiency and a high separation factor are achieved by properly choosing the value of I2 to totally deplete the population in the intermediate level and to provide a highly nonsaturated condition. Figure 9 (b) illustrates the opposite case. The population in the intermediate level is highly saturated by the intense laser beam I,. Both quantum efficiency and the separation factor are low. This is the least desirable case, and most of the radiation is wasted.
So far, we have assumed that absorption cross sections a and 2 are constant; i.e., we did not take the line-broadening and line shape function into account. This is only appropriate when the laser line width is small as compared to the absorption line width. In general, a homogeneous broadening (collisional broadening) will reduce the effective absorption cross section and thus increase the radiation intensity required. With inhomogeneous broadening (Doppler broadening, external field broadening), each group. of molecules under the line shape function will behave independently, and the treatment becomes complicated. In practice, a Doppler broadening will limit the selectivity of a two-photon process, particularly in the case where the first photon involves a vibrational-rotational transition. In principle, one can improve the selectivity up to the homogeneous line shape with a hole-burning technique. We will discuss these phenomena in more detail elsewhere.
V. Conclusion and Summary
We have discussed a general scheme of optical isotope separation with two-photon selective excitation. A simple kinetic treatment was given to demonstrate TIME (SEC) TIME SEC) Fig. 9. (a) A best utilization of laser radiation to obtain both a high quantum efficiency and a high separation factor is shown.
(b)A less desirable case is shown with a low quantum yield.
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